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a Introduction 


The field of gaseous dielectric phenomena has expanded greatly in 


the past ten years, - not only has the world's knowledge of the subject 
-inereased in scope but also in precise detail. Electrodes have been © 
_ immersed in gases at pressures from 10-% to 10-5 centimeters of mercury, 
and the electrical properties of the systems have been described. The > 
. type of gas studied has increased jn complexity from helium to perf luoro- 
methylcyclohexane, and the electrival equipment for the purpose may have 


consisted of a simple d.c. voltage circuit or a complicated wave guide 
apparatus. Some men have been primarily interested in molecular cross- 


sections, while others have striven to adapt a specific gas to commer- 


cial usage. This complexity and its necessary detail are indicated by 
the number and variety of publications across the world. For our part, 


we shall lean most strongly on the activities which have a semblance of | 
_ practicality, much as the word may be abhorred. | ee Bs ee 


We shall not ignore the abstract or theoretical, however, for without 


them there is no understanding, and understanding is also practical. The 


possible reasons why one gas differs from another in dielectric behavior, 
| : stimate the probable charac- | 
teristics of a new gas. Varying molecular composition most certainly is. 


reflected in the breakdown results of different gases. Similarly, elec- 
trode configurations may have an effect on the behavior of a given gas, 


. Progress, therefore, comprises not only approaching the goal of utiliz- | 


" dng insulating gases, but also a gain in our knowledge of what the gases 
_ do, what they are composed of, and what affects them. i | - 


a4 


1.1 The Desirable Properties of Gases for Practical Use 


: As a greater versatility of operating performance is demanded of an 
insulating gas, the more limited are the properties which the gas must 
embody. This versatility, so desirable in being able to meet any ad- 
verse situation, is non-existent in a majority of gases because their | 
characteristic properties fall Short of meeting an imposed wide range of 
Operating conditions. The property of condensing as a liquid from the 
oe phase at a certain pressure and temperature can be used as an example. 


sands of pounds of gas are concerned, however, the cost becomes an impor-. 
tant item and other characteristics, Such as recoverability and chemical 


inertness, also assume greater significance. 


_ Preferred properties in a gas are: 


2) High dielectric strength, | eo ne : : cS 
Thermal stability and chemical inactivity toward all materials of | 
' eonstruction, — oe con. Ce 
| Non-flammability,- | | 
Physiological inertness, a 
A low temperature of condensation, . 
Gooc heat transfer, and oe 


_ These are most of the desirable characteristics of a utilitarian gas, and 

_ the above order of listing after (a) (which is probably of primary concern) 
need not be necessarily according to relative importance. For special : 
uses, other properties such as a low viscosity or perhaps an eady attain-~- ~ 
ment of high purity and adequate maintenance may be of dominant interest. 

. Nevertheless, a gas for electrical purposes meeting most or all of the 


fluoride which has received much study and has been found to possess most — 


of the above requirements. Better gases probably exist or can be found, 
and the search continues.  _ a | Se ae 


ee 


1.2 Mixtures 


A combination of two or more gases for a single purpose is of — 
course a logical line to pursue when one gas does not contain all the 
necessary attributes. In accordance with physical chemistry, much. can. 
be accomplished through an understanding of partial pressures. For 

Soe example, the condensation point is a function of the partial pressure 
ae of. a gas in a mixture and is related to the liquid-vapor pressure curve 
eo ,of the pure substance. An effective total pressure of the System will: | 
be very close to the sum of all the partial pressures. However, the © 
“+ effect of ‘mixing two or more gasés on the resulting electrical pro- 
_ -perties has only rather narrowly been studied... ae fee 


One of the qualitative effects of mixing has been the elevation. 
of dielectric strength, or simply, the prevention of corona at desired 
operating voltages. Joliot et al* observed the latter effect on air 

_ eontaining vapors of carbon tetrachloride, and in'the same year the 
striking photographs of Nakaya and Yamasaki“ appeared, Showing for ex- 
ample, a strong "smoothing" of sparks in air containing less than one 
- wo‘lume percent of chloroform. These authors referred to TeradaS et al 
a8 being the first to see this effect. Later, Skilling and Brenner4 
. published their systematic results on mixtures of CCl F, and N, show-— | 
_ ing abnormally large gains in dielectric strength when less than 5 per- 


ent by volume of the Freon was added. > 


2. Theoretical and Experimental Advances” 


@ 2:1 Early Developments 


a ‘The observation of electrically 1onized gas is as old as Man. His 
_ use of fire unknowingly involved the production of charged gases. But 
‘from a materialistic standpoint, the study of @ variety of gases only — 
~ delivered the Bakerian Lecture on the dis- 


began in 1887 when Thomson 


Soclation of lodine, bromine, chlorine, and nitrogen tetroxide, by the 

‘Spark from an induction coil. Two years later Natterer” reported a oo 
similar but greatly extended study on some twenty-five inorganic elements _ 
and compounds , and twenty-nine organic compounds including such diverse . 


wow Sew 


_ Bases as carbon monoxide, hydrogen cyanide, acetylene, ethane, benzene, 
: carbon tetrachloride, ethyl acetate, and diethyl mercury at 25 mm. pres-. 
Sure and. at atmospheric pressure. Perhaps even more Surprising, the list 
Of Inorganic substances included phosphine, tin tetrachloride, arsenic 
trichloride, and mercuric chloride at temperatures up to 330°C. Natterer 
not only measured the maximum spark distances a gas could support, and | | 
the length of glow on the negative wires at the reduced pressure, but also © 


_ the distance from the: spark at which he could read a book in the darkened — 
@ only wany yea loner erect im large material variety agaip appeared = 

only many years later in the reports of Charlton and Cooper! and of Thorn- _ 
er—“ “RO UB Fl 


-9 The first report on sulfur hexafluoride appeared in 1900 when Berthe- 


lot’, having received about 30 c.c. of perfluoride of sulfur from M. Mois- 


. down in the samé publication year as Natterer. Paschen is remembered to- _ 
es Gay Lor the results in his doctoral dissertation at the University of : 
Strassburg. With three different gases, hydrogen, carbon dioxide, and air, 


‘he demonstrated an inter-dependence of gas pressure and gap distance, re- - . 


dating the product to a characteristic breakdown voltage. - it should be | 
—.. -moted here: also that Max Wolf, in the same volume, pages 506-315, gave 
. $Aeetrical breakdown data for air, oxygen, carbon dioxide, and niteosen 
dn a 0.1 em. gap at pressures up to 5 atmospheres, and for hydrogen up eke 
_ %0 9 atmospheres. Plotting the breakdown strengths against increasing 


 @ ,,,, Broadly speating, electrical breakdown of gases can be described as 


>» Ghe transition from an insulating to @ conducting state. An insulating => 
Bnd positive aud ee ecomauctivity resulting from relatively few electrons 


_ and positive and negative ions, 


_ few hundred positive and negative ions per cubic centimeter. This number —_| 
ae Be increased many thousand times by heating the gas or by irradiation 
| with a radioactive source. However, to eeach a conducting state, the ton | 


 patrs must be multiplied by at least 102 
efficiently produced by an tonization process in which the free electrons 


Townsend 


ee . 


« Stenieata ge-oy- ~collision" oraceas was experimentall deteenined — 
who found that the. ) eectronie Cee eu oud be See cased | ao 


ous an sauetion, 
: | eo ext 


SN ry er tie ae Sabecheteemennemenmereesiee 


To «eee ah Geese Sek 
seperti 


Saheee a is he ohare between, as. abiforn field electrodes /and & is 


_ Known as Townsend's First Coefficient. 


‘The coefficient & depends. upon the elactese: field for a elven gas 


at. a. Given pressure. The relationship: can be evaluated experimentally | 


for various values of the applied field strength, od instance, such - 
ee relationship for air has peace aren By. Sanders {4 as shown in 
igs rT. ee — Oe oe oe ee | i. 
Bownsend found. fhat: a Athoush | a apes number of: ‘cn pairs could be 
_peoduced at the end of each filament of tonization or discharge, no com- : 


. plete electrical breakdown would. occur. uniess at least an additional . 
+ free electron was produced by a secondary process at the = of each 


Doge a te. the Townsend! S 3 second coefficient. 


ee. The breakdown eriterlon was then expressed as 


es The mechanism associated vith the. first ‘goetitaten: is Gescrinay 
as Lonizationsby collision whereas that associated with the second co- 


efficient is more complicated. There are three possible. mechanisms 
-.Yesponsible for the generation of the secondary electrons; each may pre- 
_ wail under a different breakdown condition. . The secondary electrons may 


be produced at the cathode by bombardment of the returning positive ions, 


. as in the case of a glow discharge. They may emit from the cathode by | 


- photoelectric action as a result of the excitation and recombination pro~ 


- eesses in the discharge. These may be.termed as Townsend type breakdown — 
where the electric Field is at the threshold of breakdown. Finally, the © 

pe Seeencery. electrons may be generated by photoionization in the gas by the 

intensified field near the discharge resulting in streamer type discharges _ 


-and branching of the original discharge. This Phenomenon often occurs — 


eae” fields over the thresho} ld for. ‘Breakdown. 


‘The experimental ‘evaination of the. second. ecePfictent is mong io 


ae than that of the first coefficient... The values for air+ oe 
. Shown in Table II, illustrate. that its value does not increase consist 
Sees with E/p. as “in the case (of the’ first coefficient. — ) . 


ae “The above. review. te an- 1 oversimplified picture of the mechanistic. 
| proceases of gas breakdown. The intent Is not to specify conditions 
under which a certain type of breakdown may take place. It is rather ao 
to serve as an introduction for bringing in some recent progress in the  _ 
oe | such a hth ola , | ee 


2-2 Some Recent Progress 


. .. Because of the voluminous publications on both theoretical and ex- 
perimental contributions to gas breakdown, a full treatment of the en- 
tire subject is not intended here. An excellent and extensive treatise 
- of the enting subject of gas discharge is given in several recent publi- | 
cations.~'? 8, 19, 20 In the majority of these publications, the dis- 
cussion pertains to simple gases rather than polyatomic ones and break- 
down mechanisms rather than electric Strength evaluations. Since this — 
article is inclined toward practical applications of gases, a discussion | 
- Of some recent findings on polyatomic gases might be appropriate. Thus, - - 
. @ humber of electronegative gases, which are particularly of current in. 
terest, will be included under this category. es oes | uy 


'  ala8 Uniform Field Breakdown _ So 
"Xt 46 apparent from the above review that the Townsend's first 


coefficient a has the primary importance on gas breakdown and it re~ 
presents, in essence, the number of ion pairs created by a free electron 


in collision with neighboring molecules per unit distance of its flight. 


It is logical that its numerical value should depend on the molecular 


_ structure of the gas in addition to the number of molecules per unit 


volume, or gas pressure, and the electric field intensity. To charac- 


 terize the gas molecule with respect to ionization by collision, the 
- term cross-section has been used illustratively to give a measure of 


_ the colligions between electrons and their neighboring molecules. Devins 
and Crowe=+,2 found that the cross-section @ of a series of saturated © 
hydrocarbon gases can be determined by breakdown measurements according 
to the expression relating the sparking potential V_ to the gas pressure — 
P and electrode separation d (Paschen's law) as, , | Ges 


ee KAP )fooley) 
_ where K and C are constants for & BIVen gag. 


| It was found that the cross-section for such a series of gases is. 
proportional to the number of carbor-hydrogen bonds per molecule but is 


independent of the branching of the molecules... In other words, the break- __| 


_ Buch as (CH = CHa) ethylene, (CH= CH) acetylene, and (CH, = CH-CH = CH,) oo 


(e.g. acetylene and butadiene respectively) will fall out of line, as seen 
in Fig. 1. The ordinate can be considered either as the relative electric 

strength or cross-section of the gas. It is noticed that the double bond. 

series has a higher Strength than the saturated hydrocarbon series which © 

_ Was used by Devins and Crowe, and the two double--bond butadiene. produces 

an even greater strength. ee 


z BO 


: “The: ‘relation between breakdown aerancke and molecular peructune for : 
electronegative gases is different from the hydrecarbon gases because of 

. the electron attachment properties of electronegative gases. As the . 

@lectrons are attached to gas molecules forming negative ions, they lose 
their energies and cause no further tonization. Analogously to the Town- 
send first coefficient o ; an attachment coefficient 7 can be defined as 
the mean. number of attachments per unit length of elegtron travel in the 
direction of the electric field. Geballe and Reeves©° have shown that 
the eriterion for breakdown in an. oe gas is given by 


“41d 


‘They gurther. pointed auc “that. for. a » diver gas pressure Thove exists a : 
ee value of electric field intensity, E, below which 1 is greater 
than @ and therefore breakdown cannot occur. ‘Under such circumstances 
-@lectrons are removed faster than they are produced by collision ioniza- 
tion. Crowe and Devins= have confirmed this. experimentally for CC1LF, 


and ‘SF, by breakdown measurement a3 shown. in Fig. 2.. The experimental 
results agreed closely with the Limiting values as calculated with the — 
attachment coefficients given ‘by Harrison and Geballe. u - | 


ee Becauae: of ‘the Siectron ditactnent properties. “the retation Betucen 
the. electric strength of electronegati ve gases and their molecular struc. as 
ture is much more complicated. An interesting illustration of the elec- | 
‘tric strength of a number of such gas RES relative to those of hydrocarbon o 
Bases was given. by Works and ‘Lindsay® - aS. shown in Fig. 3. | ce 


‘They pointed out that the elec tronegativity. per ‘se te not the pre- 
dominant: factor, and the less stable: compounds such as CHF will have. 


low strength. For some compounds of a given molecular structure, the 
-¢hlorocarbons are stronger, while for others the reverse ig true. gig | 
_appears that a thorough knowledge of their electron attachment eoeffi- — 
¢fent and of the elastic and inelastic cross. -section is required for a 

“more definite correlation of ‘She electric see he eee he. ae 
gases. oe | | ae : ne 


ao The. umhers: i. the: elreles in Pig. 3 Andieate the Pedatives. clectric 
“gstrenceh of a number of gases which may be cf practical use as Baggous a0 
 apsulation. Similar. comparative values. have been given by others©° usin 


= 3 ae ae Pabregen: as a base. Tor Soper as ‘Snewn. an Fable. Tit. 


212.2 Momuntform Pista Breakéom 


oe It is recognized by all that although the highest. manifestation of 
 glestets: strength of gases is in a uniform electric field, yet it is often- 
times not feasible to design electric apparatus without regions. of non- 
uniform fields. Consequently, the strength of gases a hon-und torn fields & 
dia oo eo pelderatie ect interest . | | Serge eo 


oT 


fhe breakdown of air and other simple gases ina non-uniform field _ - 


such as produced by a pair of rods or Spheres is always at a lower volt-. 
age than that in a uniform field. A large number of breakdown voltage | 


. eharacteristics for various aegrees of non-uniformity is given in a re- 
 @ent book@9 which also includes many references for further details. 


Although the breakdown characteristics are different for different gases 
or different electrode configurations, yet there 1s certain regularity 


- 4n pattern which can be summarized as follows. For moderate non-uniform | 
» field electrodes such as coaxial cylinders or sphere paps, the breakdown _ 
_ woltages increase nearly linearly with increasing spacing as in a uni- 


able to and greater than the diameter of either electrode, then t 


form field. However, as the spacing between electrodes becomes compar- _ 
. | lamete @1 she break- 
down value increases Slowly with increasing Spacing. Finally, as the ~ 


spacing becomes very large in comparison with the dimension of the elec 


_ trode, local breakdown near the smaller electrode, or that producing high- _ 
. er surface gradient, is practically independent of spacing. This charac- ee 
teristic is illustrated by curves A ard B, Fig. 4. In fact, the break- 
. down voltage characteristics of sphere gaps in the low spacing region __ 
are so regular that they have been used for many years as standards for | 


_ galibrating potentials produced by d.c., a.c., or impulse generators. 
_ For high accuracy calibratiop, however, corrections for air density and 


a ) : : . must be considered. These recent findings. 
are extremely interesting and important in that they show the major in- 


_ fluences on the sparkover voltage of the sphere gap to be the proximity 


_ of the horizontal ground plane. vertical ground plane 


_ age conducting parts such as an impuise generator. For instance, with a. 
Sphere spacing of one diameter, a change in the distance to the horizontal 
ground from 5 to 10 diameters increases the sparkover voltage by from 7 to . 


| LO percent depending upon the distance to the impulse generator. Also, if 


the distance to the impulse generator is reduced from 14 to 4.5 diameters, _ 
‘the sparkover voltage increases by from 2 to 5.5 percent depending upon 


the prot VeFY Non-uniform field electrodes such as rod or point electrodes. 


| for electronegative gases, which can produce a large amount of negative | 


ae For instance, the breakdown characteristics of a point-to-plane gap?! 
are schematically shown in Fig. 5. In region 1 it is shown: that the - 
-. breakdown voltages are several times the corona starting voltages. This 
- <’ phenomenon is often termed as "corona stabilization of breakdown". This 
also accounts for the fact that for a negative point the corona starts. 
at a lower voltage than for a positive point. but its breakdown voltage 
is higher. Qualitatively, one can visualize that. corona produces space. 
. Charge which acts like a shieid around the sharp point of the electrode — 
@ resulting in a less non-uniform fieid. Because of the negative ion form- 
ing ability, the space charges are denser for electronegative gases and 
SO produce a more effective shield. Thus, for a given spacing and pres- 
Sure, if corona starts at a lower voltage, as it does on the negative 
electrode, more shielding is produced and a higher breakdown voltage - 
MELE Pesult.  . . ee , ee ee 
.  -In region 2, the corona characteristics continue similarly for | 
both positive and negative points. However, the breakdown character- 
istics are drastically different. For the negative point, the curve 
-. @ontinues on with increasing pressure, but for the positive point a 
sudden large reduction occurs at a critical pressure. Such a pheno- 
-. menon does not exist for gases that do not form negative ions. : 
ee ___ thts anomalous phenomenon has been studied by several investigators. 
. Howell’ observed curved spark paths, which were much longer than the gap 
spacing, apparently propagating along a path away from the region of the 
Space charge. There were similar observations of point breakdowns where 
_.. @ spark actually initiates at the shank instead of at the point of the 
electrode. As the gas pressure was increased the ionization region was 
- more restricted and the diffusion of the Space charge was also reduced. 
_ Then the spark paths became straighter and Shorter. Consequently, the 
_ woltage that was required to cause breakdown became lower because of the 
os gnorter path. - ee ee So ; 


ee Foord”” stated two necessary conditions for the existence of the : 
_ phenomenon: (1) that a divergent field configuration with the high field © 
 wegion at the anode be used, and (2) that Sparkover occur in a gas which 

.. forms negative ions... He postulated that the lateral spreading of elec- 
trons at. the tip of a Townsend avalanche probably decreases with increas- _ 


ging pressure. This facilitates the production of photons by electron- 


 ppsitive ion recombination: Increase of pressure also increases the ab- 


sorption coefficients of these photons. Thus the chance of concentrating °— 


"| the. energy as a streamer formation across the gap is greatly enhanced. ~~ 


> The subject of space charge was further studied by Works and Dakin?*. 


- who used several types of voltage sources (a.c., d.c., and impulse), with © 
- both polarities. It was shown that the variation of the a.c. breakdown 
_ voltages with increasing pressure followed closely with the positive d.c. 

sparkover results. Consequently, it appeared that the positive half cycke 
Of an a.c. voltage is more effective in initiating breakdown. It also 
followed that the space charge produced during the negative half cycle 
has @ negligible effect on the stabilization phenomenon. An interesting 
 - pesult was obtained by comparing the breakdown voltages of a suddenly © 
. applied sixty cycle voltage and of a 1.4 x 40 usec. impulse wave. Since 


discussed by Lee 


the impulse breakdown voltage was Lower, it appeared that the time re= 
_ quired for the space charge to build up was much less than one cycle 
Of a.c. voltage but greater than several microseconds. | 


2 The existence of space charge has never been more vividly depon~ 
strated than in the experimental results shown by Berg and Works®°°, 
By imposition of two types of voltages, positive d.c. and positive 
impulse, they were able to show the start of the “corona=stabilization 
of breakdown" as well as the effect of space charge quantitatively. 


_ Fig. 6 shows the total voltage applied (direct plus impulse) as a func-. 
tion of direct voltage applied for SF, at two atmospheres. The total 


breakdown voltage for SF. remains constant up to the corona inception 


» voltarc. At the corona inception voltage, at which space charges begin 


to build up, the total breakdown voltage rises with the applied direct 
_ voltage bias. The greater the bias above the corona Starting voltage, 


- the rising portion of this curve. . 


the greater is the total voltage required for breakdown, as Shown by 


2.3. Porces and Energtes | 
- Mechanical ferces developing in a dielectric have recently been. 
carrying on from an oe oe paper by Smith-White .9/ 


‘Similarly, in the discussion by Lichtenstein Pollowing that of Ige, 
r 


_ the thermodynamic:approach is extended from that of Abraham-Becke 


by introducing new postulates that the free energy of the system may 
be localized, and that the stress tensor depends only on the molar. 


volume, the vector electrical displacement and the temperature. The 
force density concept was evaluated by Lee employing theories of Fara- . 


day-Maxwell, Helmholtz, and of Larmor and Livens, in most cases obtain-- 


ang different results from each. It should be understood that these 
— authors (excepting Abraham, p. 98) are dealing with the liquid or. | 
- solid state and that the question of the mechanical forces in a gas 


_ dielectric is only part of a more general problem. Granowski*®9 deals 
most. systematically with the gaseous state as an "energy reservoir" . . 


and incorporates an "inertia factor" as a necessary concept in an 


@lectrodynamic gas system. Both kinetic and potential energies are 


"present in the gas. The electrical energy on the electrodes is the 


_ Sum of the electrostatic and electromagnetic energies represented by: 
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It would seem that the necessary conditions for establishing a dynamic 
evate are conductivity and reactance and these we know are present in | 


_ the ubiquitous free electrons, no matter how few, and the polarizability - 
Of matter, no matter how small. Granowski's contribution resides in the 


able discussion of the reactive effects in the gas to the magnetic and 


Stn aa ory toner en ig cnlnpndalinenemiacteine.: raft ‘ 
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_ imwnten -£* ts volume, and the other synbols have their usual signie 
. -ffleance. ‘Difficulties arise: in a convincing presentation of how and. fJX 
why. this energy exerts a force on a given volume of neutral molecules. | 


electric fields. Among these are the ionization energy, the kinetic 


energy of charged particles, activation and radiation energies, and | 
 non-electromagnetic energy forms. These last rightly include atomic © 


and molecular vibrations and the number of degrees of freedom possible 
| in the particle. The degrees of freedom become Significant in poly-. eos 
— atomic gases such as the presently important high-strength Fluorocarbons 


and sulfur hexafluoride, as will be chown taher. 


ss Phat the foregoing does not exhaust the. possible energy sinks or 
_ reservoirg,is apparent from other publications. For instance, Camilli 
1 indicated briefly that the electronic configuration of SF 


_ i possibly resonant and contributing to the stability of the molecul’. | 


_ trons to dipolar relaxation and Biondi‘ 


have considered the energy loss of moving elec- 


‘Fréhiich and Platzman ) : 
nas presented a mechanism of — 
ert 


‘diffusion cooling of electrons in ionized gases. Contrary to Mors 


who concluded that there was an inappreciable effect on mglecular rota-__ | 
_. Son and vibration by electron impact, Gerjuoy and Stein “found a signi- — 
<9 £4eant effect by Slow electrons on the rotational energy alone. The — ue 


- compressibility and dielectric polarization from the statistical mechani- oy 


eal viewpoint, and their relation to the dielectric constant of a polar 
'. G88 were ably discussed by Buckingham and Pople4é, More recently, Buck- 
_ dngham*’ has further developed a theory of dielectric polarization of = 


 tton 2n,222 Of these, and probably in many others, a healthy preoccupa. 


_ fen exists with the forces between molecules, atoms, and electrons 


‘ 


191s, has oon nely Gemonstrated clearly for the first time, oth ie 


_. has'rather recently been explored by Geballe 


_ have seen, although the first recognitign of its appiicat! g in the Town. | 


- and a high classical ionization potential, as is the case of heliom, a 
“gan no longer be considered alone a necessary Condition for high dielec- = 


trie strength. - 


wehe 
G5: 


_— —— — a” a oe 


tty. for four gases at. 1 BEnOS eae eae x LO 


Pe ee td. 08g 208% 


« 
a 
Sut wiht ti 
a. ie | 
Bid : F 
Mt cea t 
gk ay i 4 
1 aa 
Li i et 
Boe st ay ie i 
ae as pet ee Ast 
- * ee ~ Fi ig iy . Y 7 = > 4 Sti £6 eit, 7o. se peer 
< ; $ ° i hha Rs ’ ° Lit BS iF ‘ Riis : ‘ 4, 3 ¥ ay * 
‘ys - L , . A . _ . ‘ 2’ ° g : f sy Vi “tee > Pu . é 
vy’ FS 45 uf ee v ‘ ‘ _ oats x Soy ; i: ops ae : us Ae oe a Sie oh me wi irr bs Y 
hie bow é +4 ere ie tidy is * oy a : ; oy ur " te ’ ; i i ong Cie 
- ; the ie Coie tee - poh eA ve Se 134, ee se C Tae, a Ry ti 4 ie . PaaS ee adh iat aes, oo: Raa AG ’ 
io hak Poa Same tae DS R ; hee) I { s ; Pack ow, | tian. v7 ae Yee tate Ee LED tng gee a Ra & i rf 
Pra’ a Peer ee? ; t, Ye as APS a ee * ‘ tees ' cat Fe eee ‘ 2: El ae i Aa Ci ab oF CRORE tt ee 
AE aR as 7 F(a Mery ire nen =f. a ? ; 4 i fe é . : 554 , iS eb 5 Ce ah Oe. er mY ; 
hy 2 A geod seem fee. Toile S . a 4 od er: SR Ee, ¥ * a 3.2 Ce ok ES lek : balay 3 A aes Soe i 
a ee cake Tee ' £ 4-5 . : Laan ‘ OR, ee sh) jurh £ 
Rig By ay. a aaa bd gph TEP free lv q - ba ot a ail Sa > * : f*. ia: apie *% wate ta ee Te. ert, sag t Ury UY ‘ 
Pa eee Pre, rad alae te aa ae Dee Dod aa eaten: i YR Ly oe Bee ape) CRE tee 
r Ane pers, b Dimers 4 rn ee ag ; } : a ie re 26 en) a «hee ; ae bie * $ 
‘ ki pee, ee. t S Big) OR, lees Paar ane, ‘ ack a St ‘ $y ad Poa 3 
id swe ies 454 i MP ye : PMT x 7. $ bok oes UF t wT ye : aa. PS m 5 tae o rae ‘eye boo a! , 
P ote BPS rT ah Gn Set % 4 : 7 ou ; ei Saar eee ; ty 
Bos ¥ fs ? ‘ , afte é ; 


* Tt 4s proposed. that aotaeutal A anpaskt ins his far tne, a bone 
ohedemion ot Lied rine. for” a Raper tad te pial to the. aps ane | 


j ; ie) } 
‘ Ke Date 
r ce Fs . 


Yee an. xan of Peneoné rica” Siparkotat the euatoe: ae ‘the follow 
_ ing calculations are offered on the postulate that. the dielectric streng- 
th of a gas is proportional to the cubic root of the product of van der 
Waal's “a”, the summation of the etretching force constants between all 
_ the atoms, and the gas pressure divided by the mean free path. between 
molecules. The last column of the following i aynes/one shows this quan-~ 


dynes/ em! oe 


/ Wen, e 101x10* Ls 
11.8 x 1078 | 2-2. 19° apne 
SE take 


Force, abet, ey a "+ Mean tres 
constant. | eoathe em 
(dynes /em) 3 his 


a ecage? 5.76 x 10°) 


‘i 6. 3x to” | ae Poy x x 10% sad oa 


ee 1 Sa ene ee aes oe: . 4 x 10° dynes 


as aA 8.6 x 10°* © " } 8.25. (C-F) kat Se 107%: : as x 20° ‘dynes 
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? ‘Chea Velues are. ri the same ‘Mpopcaieats onder as ie: eelnt ve peer 
aise voltages of the gases. Dimensionally this columni.is: force, mt. 

yand would have to Pace ee. by” a. Ope tances cy te eonrorm to. the dimen- 
sions of UEROrEY; 7k ie a . 


| 0 ae by various formulas, see Reference No. a) Ps 857. 
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3. Practical Developments 


- Gaseous, liquid and solid insulation are seldom used singly to | 
insulate an electrical device. Even though a plece of equipment is 
referred to as "gas or liquid-filled" apparatus, solid insulating 
materials must be used for mechanical rigidity. Thus, it can be said 
that a gas insulated apparatus is one in which the gas is used as a 
gm fhajor insulation or coolant, elther in quantity or in the region of | 
@ viz electrical stress. In most power apparatus both insulating and . 


_ €ooling properties of the gaseous medium are important. 


The atmospheric air is the most common and plentiful mixture of. 
gases. It has been widely utilized for a long time as electrical in- | 
sulation.— Unfortunately, it cannot be used universally for all electri-. 


cal apparatus because of certain operating requirements. For instance, 

if superior cooling properties are sought, hydrogen or helium might be 
used instead of air. If higher dielectric strength is Sought, some kind 
of fluorocarbon might be selected. The use and evaluation of such gases 
will be considered here as progress of Gaseous dielectrics... =. 


ee Early in the 1920's, hydrogen?>: 94,55, 56 was studied as a cooling | 
medium for large electrical machinery such as turbine-driven alternators. 
- The important characteristics of hydrogen when compared with air as a 


the most difficult problem in Shaft-sealing especially for large size, 


the ‘conventional auxiliary equip- 

rogen conditions, vacuum treat- __ 

is not necessary. Thus, opera-.- 
came fully automaticS8 with _ 


only slightly more than 


pressure and pressure of 


The quantitative advantage resulting from the use of hydrogen 
naturally depends on the design of the machine. However, it is pre- 
dictable that higher efficiencies can be obtained when the hydrogen 


| pressure 1s increased to several akmospheres. Such a scheme has been 


realized in more recent years. 


- he effect. of increasing hydrogen pressure is to increase the den- 


sity of the gas and thus its capacity to absorb heat. However, the 
overall heat transfer by the gas is not linearly proportional to the 
 inereasing pressure because the thermal drop through winding insulation 
_and iron core are independent of pressure. It has been a usual practice 


to allow one percent increase in the output capacity for a one psig in- 


-" @rease in pressure for the range up to 15 psig and two-thirds percent ; 
psig from 15 to 30 psig. Higher efficiencies and output, capacities can © 
dl Meret 


be obtained by the supercharged hydrogen cooling systems 
- to the pressurized hydrogens. = Co 


in addition 


for cooling of rotating machinery. For instance, the pressure developed 
by the blowers, the back pressure of the ventilation circuits and the | 


- There are, however, certain disadvantages of increasing gas pressure 


_ wWindage loss all increase directly with pressure, although some of the . 


drawbacks only cause a slight reduction of the overall efficiency. — 


Since continuous increase of gas pressure over 15 to 50 psig will reach 
diminishing returns, inner cooling of the windings .fhrough the inside of 


hollow conductors, using either gas61,62 on iiquid® » has been developed. 


- In this case the gas pressure has been increased to 45 to 60 psig, while 
. experimental data haye been obtained at pressures as high as 90 psig. 


Preferred standards' 


for large hydrogencooled turbine generators have. 


a been proposed for a hydrogen pressure of two atmospheres. 


$2 Transformers 


: __.. While hydrogen gas was used in rotating machinery mainly for effec- 


tive heat transfer and low windage loss, another group of gases with - 
_. ttuch higher dielectric strength was investigated for static electrical | 

: | @pparatus such as X-ray and power transformers. These gases can be, in © 
general, classified as electronegative gases containing one or more elec- 


® tronegative elements such’ as fluorine or chlorine in their molecular com=_ 


Beta (oP_c1,), F-22 (CHCIP,) ete., flucrocarbons: CyPg, CF, ete., and 


position. | Typical examples are the series of Freons: _. : 


_ Wartous forms of fluorides: SFg, SeF,, ete. By virtue of their ability 


to form negative 


ions in an electric field, which gives rise to high di- 


= eleetric strength65,66 . they are primarily used for their ’nsulating pro- 


>. perties. Moreover, because these gases have in general higker molecular 
weight than air, their heat transfer characteristics are also superior. 


| | Tg 


“7 Ne tn the case of rotating machinery, the use of elevated pressure 

y of these electronegative gases is advantageous in application. The success 

 .Of using high pressure SF, for very high voltage X-ray transformers or 
generators has been demonstrated’ . With the improved techniques of con-_ 


- structing pressure containers and of leak detection, SF. sas at over a 


able reduction® 


hundred pounds per square inch pressure has been utilized to insulate such _ 
. transformers operating at several million volts. = = Se. Le 


@ Although high pressure SF, gas has been successfully used for x-ray 
| transformers for over two decades, similar applications for transformers 
in power and electronic fields have not been capitalized on until more. 
recently. This delayed action is essentially due to the differences ih. =. 
operating requirements. The three major ones are the differences in am- — 


bient temperature, electric field and power dissipation. | 


a _ The variation of ambient temperatures for x-ray transformers, as they _ 
_ are used indoors, is relatively small, whereas that for power transformers 
: in the field or for very special electronic applications encompasses @ ~~ _| 
~ large range. If the ambient temperature falls below the liquefaction point | 
Of the high pressure gas, condensation will occur in the transformer before | 
it is put in operation. This not only causes a reduction in the gas pres- 
‘sure but also may produce droplets on metallic surfaces. Both would im- 
. pair the dielectric strength of the insulating structure and therefore 
- must be considered in design and in the advanced evaluation of such an 
-..@ccurrence. On the other hand, if the ambient temperature is too high 
_ $0 that the efficiency of heat transfer is greatly reduced, then the gas : 
_temperature may increase over the limit at which decomposition of the gas 


may occur in the presence of other materials used in the transformer. Such 


ie is not the problem for ordinary applications or for x-ray transformers 
where the heat to be dissipated to the ambient is relatively small. | 


—.. .. Secondly, due to the design requirements, the electric fields in ae 
X-ray transformers are essentially uniform between the high and the ground 
potentials. In such electric fields the dielectric strength of the elec- | 


 tronegative gases increased almost linearly with increasing pressure. . How- _ 


ever, in power and other transformers where it is not economically or tech=- .. 


nically feasible to gyoid non-uniform electric fields, an unduly undesir- 
a. 289,70 of the gaseous dielectric strength may result. 
& - - €hirdly, the power dissipation -of an x-ray 


transformer for inter- 


_ mittent operation is an irrelevant factor in its design or operating con- | 


siderations. However, an inefficient heat transfer from the core and coil _ 

of a power transformer may result in hot spots where slight gas decomposi- 

gon of weakening of the coil insulation may occur. To avoid such damage, — 

_. forced circulation of gas’+ or vaporization cooling techniques’? for power 
transformers, or liquid evaporation process through the ‘use of wicks for 


electronic transformers, have been introduced. _ 


— el5- 
. oe ee oe : x oe . 
Although advances have been made to increase the practicability of 
using gaseous insulation for power transformers to replace liquids, it 
will be a number of years before the transition can be made. However, 
- due to the fundamental superior properties of gaseous insulation such as © 
higher thermal stability, higher dielectric strength with pressure, and 
- non-inflammability, it is only a matter of time when more transformers 
will be built with gaseous insulation. ve ae eae 


3.5 Cables, Wave uides, and Current Interruptin ‘Devices 


-OQ11-filled cables have been successfully used for a long time. How- 


ever, small voids in the oil-impregnated insulation have limited its Ulti-. 


mate electric strength. This prompted the more recent development of high 
pressure gas-filled cables. The thought behind this development was that 
the pressurized voids, if any, would have a higher ionization level than 


voids of lower pressure. This principle of void control, in addition to © 


the advent of the seamless alum‘ nup sheath, pas brought about the success-— 
_ ful operation of gas-filled cables/5,/4,/9,7 8 ee Se 


‘fhe application of gaseous insulation in cables is different from 


that in transformers. Because of the concentric geometry, the gas pres- 


- gure with nitrogen for instance, may run as high as several hundred pounds | 
per square inch without much concern for mechanical bracing. However, be- 


eeuse of the long length and multiple Joints, gas leakage becomes a more 


3 fer ecdiles 


serious preblen. vonsequently, leak detection methods have been developed 
48 well as for transformers. /® Se 


Power factor and stability are important considerations in cable oe 
operation. It was found that the power factor of gas-filled cable can 


be maintained at a relatively low value under adverse cycling conditions. — 
Since the power factor of gases without ionization is inherently lower 
.. than liquids, it is conceivable that gas-filled cable should In time re- 


_ Place liquid impregnated cables where dielectric loss is the major cri- . 


It may be remarked here that when a cable is connected to a trans- 


| former, such as in an underground System, a d.c. test of the cable is un- 


_ @esirable if the transformer is liquid-filled. The d.c. strength of a 


. ligquid-filled transformer may be lower than its a.c. strength, because the > 


of the liquids in comparison with the solid insulation. 


™ used in series ‘with them, produces higher Stress in the solid insulation 
pean that in the case of a.c. test. This condition is largedy.eaiminated _ 


for gas-filled transformers because the conductivity of gases is low. 2 


: : : : . under both a. Cc o and d ele voltages. Genie 


- telephone cables, but is also being evaluated for use in waveguides 


_,. Sulfur hexafluoride gas has been used not only in transformers, ang. 
OSs e 


Since waveguides are used to transmit radio frequency energy, the evalua- 
tion was made in terms of power rather than dielectric strength. At radar 


frequencies the power breakdown was Seven to eight times that of air under 


. Similar conditions. 


|. gated and circuit breakers are built with sulfur hexafluoride 


: tn these and peher tavestigations, a phenomenon often encountered 
is the decomposition of the gas under arcing conditions or even below 


| visual ionization. Strictly speaking, decomposition was observed over 


a long period of time under the latter conditions81. Certainly, a _ 

variety of decomposition products are found under electrical discharges82., 
However, in some practical applications where decomposition is not neces- 
sarily intolerable (or the limiting factor), gas insulation can be used 

_@ven under intermittent arcing conditions. = ee. 


| It is a common experience that when a gas-insulated structure is 
_ tested to failure without a powerful arc, the dielectric strength of | 
the structure is not greatly reduced. If the failure path lies totally 
in the gas, the failure can be remedied by removing the tonized gas | 
_ quickly from the highly stressed region. Of course, the high voltage © 
air circuit breakers are operated under this principle. These breakers 
are invading the market, as well as matching the performance, of OLl 
_ ¢ircuit breakers. : Ss ae De 
More recently the arc-quenching property of Seees 18 belog investi- 
for its 


excellent arc quenching behavior. The gas pressure used in this 115: Kv, 


S-phase circuit breaker was 45 psig in comparison with several hundred 
pounds of pressure commonly used in compressed air circuit breakers84, 
The interruption time ranging between 2.5 and 3.5 cycles of power fre- 
quency is comparable to that of the high quality oil-circuit breakers. 


_. The restrike-free performance of interrupting fault and magnetizing cur- 
rents, and switching capacitive currents are noteworthy. . oe ee 


_—-Experimentally®5:®§ 4+ was found that the a.c. interrupting ability 
of plainbreak arcs in SF, is in the order of one hundred times that of 


similar ares in air. At 2,300 volts, the limiting are current in amperes 


“45 approximately equal to, in numerical values, fifty-five times the abso- 


_ lute gas pressure in atmospheres. it is interesting that such a linear. 
relationship is similar to the gain in dielectric strength with increasing 
. pressure in a uniform electric field, Also, in this experiment the effect — 
of arc-producing decomposition products was considered. Their experiences ~ 
have shown that with SF, the effect is less Serious than anticipated. The 
decomposition products | were formed at only a moderate rate and may be. 


absorbed readily by such materials as activated alumina. This was later — 
substantiated by the 115 KV circuit breaker life test of over 1,500 unit 


"operations under conditions more severe than that specified by standards. 


These findings also. prompted. the evolution of a new load interrupter _ 
 Switch’'. The use of SF, gas here has resulted in reducing the contact 


- separation to only 6.5 inches for 115 KV units, and 3.5 inches for 34.5 KV 
Circuits. Such &@ switch is not only small and lightweight, but also re- — 


quires no external supply of gas or other auxiliary apparatus for operation. 


- at 8-9 kg./sq.cm. would be preferred over N. at 15-18 kg./sq. cm. The 


-* ntil 2951 when C. F. Hill 


- Browne, Jr. 


“e . 


Considerable gains in the use of SF, in condensers and capacitors 
were recorded in Russia during the 1940's. Possibly the reason for a : 
lack of information on present day applications is due to a disinterest _ 
on the part of manufacturers. No significant. gain In capacity can be _ ) 
_ expected in changing from one gas to another. However, Hokhberg et a188,89 

found for heavy loads. i.e.,; 2,000 kv-amp. at 1200 mf capacity, that SF, 
range of condensers tested was from 300-4, 060 uuf, with a peak voltage _ 
of 40 KV at. 1.2 x 108 cycles/sec. : eet 


$3.4 The Patent Literature | | : 
| Applications from the practical standpoint are exemplified in the 
patent literature. For instance, one of the earliest patents recognizing 
the value of nitrogen, and nitrogen hg dium mixtures in a pressurized 
G transformer yas issued to F. S. Smith in 1935. Seven years later 92 
F. 5. Cooper’* claiming the use of CC1F, and of SF, and P. D. Ritchie 
who recognized the advantages of the aliphatic perfluorocarbons (e.g. 
C.F,) were the first to capitalize on present high strength gases. In 
19435 H. Skilling - obtained his patent and then nothing more appeared | 
4 obtained his patent on the use of perfluoro-~ 
carbons or chlorofluorocarbons boiling above 50°C and up to 225°C for 
the vaporization cooling of nitpogen-filled transformers. Meanwhile, © a 
iL. Jd. Berberich and C. N. Works’? had been extending their investigations | 
_ 0n @ broader scope for high molecular weight fluorocarbons, ethers, and 
amines .as diglectric strength elevators in nitrogen. Recently, T. E. 
r 3 et al, claiming selenium hexafluoride, and H. J. Lingal9? 
 ¢laiming SF,, both in circuit interrupting devices having fast arc-quench- 


ing ability, were granted patents. In all cases the disclosures are highly 
Informative. For example, increasing quantities of perfluoromethylcyclo- — 
hexane added to 74cm. of nitrogen raised the breakdown strength as much 
_ a8 five times that of the nitrogen. The smaller additions produced the 


) wlens ee ie 


_ Most dramatic results, being out of proportion with simple linear conposi—— 
. 4+ Ghemical Properties and Effects 


' ° For practical applications it is obvious that a kmowledge of the = 


_ @hemical and physical properties of a gas is essential. For example, the 
generally favorable characteristics of sulfur hexafluoride have been known — 
OS yea Some time ang.attention was directed to this gas in 1951 by Camilli, 


the Freons and fluorocarbons were reviewed later. 


Be Gordon and Plump**, and earlier by Hokhberg 


The properties of some of 


a he 


| 4.1 Thermal’ and Chemical Stabilit 


Next to dielectric strength, the property of inertness is perhaps 
of major importance. The material which contains the gas, and the in- 


ternal parts of an electrical apparatus may have an appreciable effect 


on the "life" of the gas, as has already been mentioned. In the labora- | 


tory where glassware rules, a gas may be quickly appraised and too soon 


‘Sules of 20 mm. inside diameter and 


' labeled as a stable compound. Contact with metals at much lower tempera-_ 
Fures than in glass may tell a very different story. This is well known _ 
a " vOdaY - : : ae ce ee Se ae 


- Borosilicate glass as a container material, however, has proven to 
be satisfactory in the authors! laboratory in thev/form of sealed cap-. | 
les about 25 cm. sength, having a short © 
length of 8 mm. tubing at one end for final sampling. The technique of 


introducing a test piece of constructional material, evacuating, flush— 


_ ing, filling with gas (a little above one atmosphere) freezing out, and 
sealing, is conventional. In the cvemperature range of 150°C to 500°C, 


apparent attack of the glass had set in, unless gas deterioration on the 
test piece was so extensive that the products then were capable of attack- 


ing the glass, in which case a white opacity was an additional obvious) 


Sign of chemical breakdown, and a marked difference in stability between _ 


200°C and 300°C may be found. Fig. 7 illustrates this effect. 


-. This tube method of testing can be adapted to higher pressures of. 
Gas and, in this case, shorter times and a more drastic evaluation are 


progured due to the mass action principle. Publications by Kvalnes et 
gy 400 | ee 


the above method of testing on silicon steel, copper, and especially alumi-. 


are very helpful in this respect. 


: A high stability of sulfur hexafluoride and some fluorocarbons _ 


(though naturally not equal to that of nitrogen), has been confirmed by 


num. A well-cured silicone varnish on these metals has adhered for over 


"a year at 200°C in SF, and shows only slight darkening. At 150°C after 
tore than three years, aside from bare metals becoming dull, various flu 


orogas systems appear to have an indefinitely long life. ‘However, it = =... 
Gperers that much practical work will have to be done by people in. in- | 
| straps roving their specific materials under certain conditions. The | 
_. avaliable literature191, 102, 10: 

a usefully inert. character of most 


is of great interest in demonstrating: the 


of it. 


and higher, these life test tubes have shown deterioration of test samples, 
after long exposure times, of a number of different fluorogases before any — 


fluorogases, but there is Just not enough __ 


1 


4.2 Flammabilit | a : Se 
| Chemical inactivity is more particularly illustrated by nonflamm- 
ability and this property is universal among the fluorocarbons, chloro- 
fluorocarbons, and sulfur hexafluoride. In all cases, starting from 
the free elements, the free energy change in going to the compounds is 
s0 large that the chemical potential for further reaction with oxidizing | 


agents. is very small indeed. 


. Bass 


vo 4.5 Toxicity | 
ee There is, furthermore, an oversimplifying temptation to regard sub- 

- stances of very low chemical reactivity as also being non-toxic. It igs 

true that adequate physiological testing in vivol04 has established a 

high probability of human safety in massive exposures to purified. sulfur | 
hexafluoride, many chlorofluorocarbons, and some fluorocarbons, and even 

_ when samples of these are. known to be noxious as, for example, after be- 

ing decomposed in an electric arc, there is still a margin of no great. 
_ .danger. A chemist knows from personal experience that at some time thr- 
 Ough exposure to materials of his profession, he should no longer be 
here, were it not for the survival power of human physiology. This know-— 
ledge. however does not advise, nor should engender, a foolhardy attitude 

- toward a substance which is inevitably deadly in 2 critical combination 
of exposure time and concentration. Dr. Lester1t9 has reviewed, summarized 
_ and explained the phenomena of toxic effects for the benefit of electrical _ 
engineering, by dealing with laboratory results on dielectric gases as well | 


ae presenting considerations of a broadly illustrative nature. For example, | 


_ ¢hemical asphyxiants (such as_CO and HCN), irritants, and drug-like com- _ 
_ pounds, Lester and Greenberg!°* were the first to show that sulfur hexa- 
_ fluoride (also perfluoropropane, unpublished) falls in the first class. 

* These gases, therefore, must reduce the oxygen content of air to about | 
: z Bae Cetution before a seriously lethal asphyxiant action will 2 


a physiological classification of gases should include simple asphyxiants, 


Many "“Freons" have been commercially investigated! for relative > 
toxicity. The results show generally a very favorable position for these 
Substances in the numerical scale used as an index. | ie ee ee | 


a ) oS In summary, purified dielectric fluorogases are generally innocuous” ca 


= “but.-a check on this point. should be made with the manufacturer, especially 
if a new gas is developed. In any case, a minimum concentration and a 


Maximum exposure time exist for practically all poisons, below which the 
-.. @hances of recovery are excellent. Finally, however, no unnecessary or 
_ €@volidable risks in the handling of any gas should be tolerated. As Lester 
has put-it, "One may choose whether or not to swallow or come“into contact: ~ 
_ with a solid or liquid; no such alternative is, in many instances, readily 
available with a gas." : : : ¢ ee | 


£64 Ease of Production Purification, and Re-use 


Oss ) : | | ; | 
_ Sulfur hexafluoride has been obtainable for many years because of 
its direct and relatively simple synthesis from the elements. True, 
elemental fluorine is not so easy to handle nor is it inexpensive, but 
_ given a workable technology and abundant resources, the output is then | 
only limited by the size and number of fluorine gen rating cells, and — 
the rate at which sulfur can be transported from the mine. The purifi- 


: @:= of the crude gas mainly depends upon the pyrolytic disproportiona- | 


ion at 200-300°C of So io which may be present, followed by caustic o 
Scrubbing to remove the lower valent fluorides of sulfur. Fluorocarbon 


| epeducttcn and purification are fundamentally not so straightforward; ae 
_ @lemental fluorine combining with carbon produces a wide ranging mixture — 


dneluding CF, which dielectrically has little, if any, advantage over | 

air or nitrogen. To stop at this point, however, would not be fair; the 
_ direct synthesis from hydrocarbons reacting with fluorine or pervalent 
- metal fluorides such as CoF, of AgF,, can be accomplished. Greater pro- 

cessing control seems to be required, and regeneration of the spent metal. 
fluorides is necessary. This, however, leads us to the one process which 
is really competitive and practical: the Substitution of fluorine for | 


chlorine in chlorinated hydrocarbons. In this case, relatively inexpensive 
starting materials are converted by antimony trifluoride, oxidized by ee 


_ chlorine to the pentavalent State, in hydrogen fluoride to highly flu- 


| orinated compounds, as Swarts discovered and the "Freons" testify. ie 
the hydrocarbon was fully chlorinated to begin with, substituting the 


_ dast one or two chlorine atoms by the above reagent is extremely diffi- | 


point. where the high prices of a few years ago no longer seem tenable, 
and the belief now appears justified that the cost of insulating space 
. . by fluorinated compounds should fall within the economics of the electri- 
2 @€4i industry. |: ee ee 


For the adequate purification of sted gas ety | 
cedures are available such as fractional distillation or freezing, chemi- 


_ g@l reagents for chemically active contaminants, and selective absorbents 


| Purification procedure,, the sequence and details of which he is rather 


fhe user of. pas in the electrical industry will find that occasion-- 
 @lily an apparatus containing the gas will have to be emptied because of 


_ bome reason or other, and the dilemma will arise whether to allow the gas 
to escape or attempt to reclaim it. Of course the controlling factor will 
be the quantity and value involved. It is fortunate, however, that the 
dielectric fluorogases can be handled with fairly low compression backed 


oth. 


up with attainable low temperature. By this is meant that a power | 
transformer can be emptied of sulfur hexafluoride if a gas compressor > 
of only a hundred psig is connected to the supply of SFe, and a pre- 
viously evacuated steel gas cylinder, cooled and held at -50°C by sur-. 
- rounding solid carbon dioxide and alcohol, receives it. Fluorocarbons 
oe generally condensing at higher temperatures than SF, will require less. 
compression and/or cooling. Their relatively low latent heats of eva- 
 @ + poration per pound are Sparing of the cooling agent and at the same time — 
& provide fast condensation. Oe 


-§. Physical Properties and Effects _ 
---$.1- Condensabi11t SS 


This matter of condensation is of serious concern if the equipment 
- containing a rather high boiling point gas must operate out-of-doors in © 
a @ cold climate and ifthe electrical strength of the unit depends upon | 
-. @ll the gas being in the vaporized state. Obviously a substance with | 
a boiling point of 0°C at one atmosphere of pressurye will not all be | 
in the gaseous condition in a container originally filled with the gas. 
at room temperature and a few pounds of excess pressure, if the tempera-- 
tue falls below 0°C. Some of the gas will condense to the liquid state 
co ane the gas remaining will be at a pressure equal to the vapor pressure | : 
of the liquid, and this In turn will be a chéracteristic of the substance oe 
-. @hosen. Temperature vapor pressure curves and data are available for. 
the presently considered group of dielectric gases. and in general, any 
gas with a boiling point below that of C.F, (2.6°¢} will have a vapor : 
.. pressure at ~40 °C not less than 1.5 psia. et follows that some gases will 
Of course have a much higher vapor pressure than 1.5 psia at -40°C. | 
Pais is fortunate because it allowS a combination of gases to be _ 
. * used for a high dielectric strength with assurance that the strength 
will be maintained even when the temperature falls. The mixture can be. 
8G chosen according to the: principles of physical chemistry concerning — 
_ partial pressures that a close approximation can be obtained to match ~ : 
- @ particular set of circumstances. For example, the dew points of various 


fo uetrations of perfluorocyclobutane in nitrogen were required in order 


ae to predict the temperatures and pressures at which condensation to the 
-  diquid phase should take lace. ‘A simple apparatus was constructed of a 
... @lass vessel (vol. 250 ce _provided with an internal magnetically driven 
.  “8tirrer, connecting tubes to the gas supply, manometer and pump, and a> | 
_. eéentral thin glass well containing a.thermometer and methanol into which 
powdered dry ice could be dropped. The well was internally silvered in. : 


 @ase a true fog might be seen on it. When judicious quantities of solid. 


- earbon dioxide had cooled the well sufficiently in mixtures of the fluoro 
: earbon and Gry air, each measured by its pressure on the manometer, a slow 
and steady drip would occur without first visibly clouding the glass. ae 


oe meter. The concentration of the fluorogas ranged from 16.7 percent to 


oS ge 


These drops were small because the liquid has a high density and low 
surface tension. The temperature at which dropping occurred was evi- 
. dently not an equilibrium temperature, so with the aid of the stirrer, 
which vaporized the dreplets as they fell on it, the cold well was — 
allowed to warm up, generally 0.5 - 3.0°C, when the dropping stopped 


100 percent and the total pressures of the combined fluorogas and air 


' were from 820 mm. to 1020 mm. Hg. The generalized conclusion is that. 


5.2 Heat Transfer 


se _ The double service of providing an electrically insulating medium 
and at the same time an aid to the dissipation, of heat will Widely be 


demanded of a Gas or mixture of gases. Cobine Was aware of this when 


he investigated combinations of helium and sulfur hexafluoride, in com- 
parison with the gases singly, and with air and hydrogen. The last has 
been rather extensively studied1l08 for heat transfer purposes in generatoz, 
as already mentioned, where its low dielectric strength can be mitigated. 
Helium, with even lower strength, would be second choice based on published 
and tabulated thermal conductivity coefficients. Hydrogen and helium con- — 
sequently occupy favored positions in classical heat transfer practice and 


theory. Yet the "heat transfer" as measured by Cobine, meaning "the power 
_. dimput necessary to maintain a constant temperature of the wire at the _ 
center of the helix" was approximately 5 for SF, 3 for Hos 2-5 for He, 
; a 


and 1.5 for air, in watt units at 100°C. It followed tha ny combination — 


|... of sulfur hexafluoride with helium was supertos to air; the important 
_ datum appeared in the fact that concentrations of SF, greater than about 
 @7 percent in He produced a heat transfer efficiency exceeding that of H o 


ee the dielectric strength of a 20 percent SF, concentration in He exceedeq~ __ 


@ that of air (and of course those of H, and He by large margins) ina 0.1 


+ Meh gap between 1 inch hemispheres with sixty-oycle applied woltca:. on 


- fompetttion with hydrogen for use in rotating devices.’ s mistwor oF guleee 


“.) Mexaflvoride und helium most geriousie mci suffer from an increase in 


windage loss. The gains in heat transfer efficiency, nonflammability, and. 


. dielectric strength would have to be balanced against this loss. The fact 


, remains that SF, has been confirmed as a& very effective gas for heat trans- 
_ fer as was indicated in earlier Studies of a few years ago. a Le 


Se 
a Por practical purposes it is well to distinguish immediately be-— 
tween “heat transfer" and the classical coefficient of thermal conducti- 
vity which may be downright misleading unless one takes into account the 
implication along the route of its theoretical development. 


: The simplest expression for the coefficient of thermal conductivity, 

: attributed to Maxwell, is given by: a ee Pe 

| which has the dimensions of m.f. t7?, ~~ and which can be interpreted 

- @s calories per second per centimeter per degree centigrade ifn is in 
poises and c, is in calories per gram (the Specific heat) at constant 
volume. The constant K is characteristig of the gas and is presumably 

independent of temperature and pressure Ju oo | es 


oe The following tabulation contains the above parameters for a few 

Gases under consideration. Nothing in this table indicates that ORE 
>. should be as practically efficient as it turns out to be. | ae 
Fe -wex io”. ” x 107. Jo c, calories , oe 
S38 at orc at O"C = =—-—s=siper gram K_ 


oS Oe ke 1.76 


— $M tes ots oe 
— # S86 675. O.15 2 Wie 


eee In theory, the thermal conductivity should be measured in the absence 
_ Of convection, as for example between closely spaced horizontal plates. 
oe it is noted that in Cobine's apparatus a practical heat transfer effect 

- was obtained by making no attempt to minimize convection. A linear re- 
"lation between the logarithms of the watts input and the temperatures 
over the range studied, was found. In the present writers! laboratory — 
— gPloying forced circulation of SF, at feasible velocities and tempera- — 

2 ives a Simple linear relation of “heat transfer with either temperature 
: _ UP velocity was found, and nitrogen for comparison was considerably in- 
.. fertfor to Sulfur hexafluoride, © . aes 


In practice, therefore, where convection is welcomed as an aid, or 


_ when its beneficial action is augmented by a blower, the choice of one 
gas over another may depend upon an empiricism determined by the parti-- 
cular application, and Specific requirements. In a closed System, the _ 

heat capacity per mol, not per gram, is the important parameter for judg- 
ment. For example, air with a specific heat greater than SFe fails far 


a 


ws 


©) ghee on a volume for volume basis because with SF 146 grams are 


effectively working when it is possible to employ “only 28.S grams of 
air. Put in another way, the molar heat capacity of SF compared with 
that of air is in the ratio of (146 x 0.137) to (28.9 x 0.171) and this 
illustrates the true compositional difference between the two gases. 8 
_Incidently, the molar heat capacity of hydrogen is quite low, being only | 
2@x 2.4 at constant volume, practically identical to that of air. Here, 
of course, the velocity of the molecules, these being the real heat 


_ ¢@arriers (ignoring black body radiation for the moment) provides the 


superiority of hydrogen over air, but not, hoever, in direct proportiona-_ 
lity with velocity. — - ) Cee oe Le 


A growing understanding of molecular gas heat transfer, therefore, 
_tust deal with an increasing number of factors. Not the least of these 
is the radiation emissivity of Stefan-Boltzmann, Qn» which transports _ 

_ heat proportionally to a material constant ao and to. the fourth power 
_ of the absolute temperature, Q, =gT*. It follows that the higher the 

operating temperature, the more heat transfer will occur by radiation | 

and above our presently considered upper limits for electrical apparatus, 
radiation almost independently of the material will account for practi- 
Cally all cooling effects. This is the same kind of heat that we receive 
from the sun, traveling through great distances of vacuum. This energy 
passing through a gas is absorbed by the molecules and if these are poly- 
atomic, i.e. having three o™- more atoms per molecule, or if the molecule 
is diatomic and has an electromagnetic dipole, characteristic frequencies 
in. the infrared will be energized. The contribution of the infrared spec- 
tra of carbon dioxide, water, and a few other gases to total heat trans— 
fer from the engineering standpoint has been reviewed by Hottel1l10. More | 
general considerations are in order here... a NO 


|. AS early as 1856-7, Clausius’?! wath unique vision at that time, 
Indicated the necessity of visualizing motions of translation, rotation 
and vibration in the case of polyatomic molecules. (The vibrational fre. 
quencies account for infrared absorption). Later, Boltzmann devised a 


correlation between the number of degrees of freedom representing these 
motions, and kinetic theory employing the gas 


constant R (1.98 calories) _ ve 


> GO predict C., the heat capacity per mol of gas. The contribution oa Oe 


Was calculated to be 1/2 R per degree of freedom, and the total value of © 


» C, Was simply obtained by multiplication of the two quantities. Accord- 
ing to harmonic theory, a polyatomic molecule of n atoms has three degrees 


of freedom per atom in the system and these are additive, making the total » 
degrees of freedom equal to 3 n and this will include three for transla- 


tomy motion and two or three for rotation. 


See SF,, therefore, has a total of 21 degrees of freedom and the product 
of these with 1/2 R gives for the molar heat capacity at constant volume. 
@ value of e0.8 calories, 1.e. 146 gem. of SF, confined as a gas ina 


_ fixed volume should require 20.8 calories to raise its temperature 1°C. 


a Dichlorodifluoromethane, CC1.F,, molecular weight 121, containing. five 
_...-atoms/milecule should have aC’ of 5x3 x 1/2 x 1.98 = 14.85 calories. 
. These are certainly in the right order. Consider C.F ; its C, Should be 
ey calories, and it will be interesting tBis is confirmed : 
 @xperimentally. ee ) ee 


or to see if 


| + his last gas 1s not as multiatomic as some fluorocoppgund vapors 
4a recentTy studied and reported by Ahearn, Kilham and Ursch/19,1l12, These. 
os authors effectively demonstrated an easy control of the temperature of 
oe €@n airborne current regulated d.c: power Supply of 1,500-2,800 volts hav- 
oo) Ing 1,000 watts to be dissipated. A small built-in fan was used to cir- _ 
ulate the gases tested which included SF,, SF, + He, SF, + 0.73,* and N,. 
Phe rise in temperature over the case temperature (85°C), was 8a wMttle —  - 
| tore than half when SF, + 0-73 at 9 psig was compared with N, at 9.5 psig. 
OM one of the vital parts of the apparatus. ‘With SF, alone at 3 psig ‘the 
temperature rise was about two-thirds that with N,.— With even heavier - 
_ Vapors, those of 0-75 (CoF,,0, molecular weight 416, boiling point 101°C) 
> partly from experiment and partly from engineering formulae, forced cir- 
. eulation with equal fan horse- ower should result, with equal heat input, © 
in @ relative temperature rise in the gas of only 24 percent that of air, 
~ both at the same pressure. The surface being cooled by the vapors of 0-75. 
' Should increase in temperature only 40 percent that found with air. The 
product of mass and velocity is a controlling factor, but perhaps super- —Ss_ 
- . fdelally.. Boke - S oe noe Ten Be a oe : 2 ee ao . oS Se es oe : Ae ces 


_. The foregoing has been dealt with at some length not only because 
_--sprogress is evident, but also because our understanding of heat transfer —_ 
_. with modern heavy gases Still appears to be incomplete. A unifying simpli- 
__ Eied procedure and theory seems to be needed in the field of polyatomic _ 
ee ee We 
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